We investigated effects of pairing correlations on the neutron skin thickness and the symmetry energy of finite nuclei. In this calculation we used Hartree-FockBogoliubov (HFB) method with Skyrme forces and effective pairing interactions.
I. INTRODUCTION
The study of symmetry energy and its density-dependence is a topic of great interest in nuclear physics and astrophysics. Its importance emerges out of understanding the structure of neutron-rich nuclei, various observational data of neutron stars and recent heavy ion collision data because the isospin-and density-dependence of the equation of state (EoS) in nuclear matter can be characterized by the symmetry energy [1] . The nuclear EoS, which explicates the energy per nucleon of asymmetric nuclear matter, can be expanded as a * cheoun@ssu.ac.kr
Typeset by REVT E X arXiv:1704.02182v2 [nucl-th] 10 Apr 2017 function of neutron-proton asymmetry, δ = (N − Z)/A (or equivalently δ = (ρ n − ρ p )/ρ), at a given density ρ E(ρ, δ) = E(ρ, 0) + E sym (ρ)δ 2 + · · · .
The coefficient of the quadratic in Eq. (1) is the nuclear symmetry energy that can be approximated to the energy difference between the pure neutron matter (PNM) and symmetric nuclear matter (SNM). Since most of the nuclear models available these days are adjusted to the data of the binding energy of finite nuclei, they agree on the value of the symmetry energy around the saturation density ρ 0 . However, when it comes to its density-dependence,
there is a strong model dependence. In order to characterize the density dependence, one explores the symmetry energy around saturation density, expanding it with respect to the density x = (ρ − ρ 0 )/(3ρ 0 )
where L and K sym are the slope and the curvature parameters of nuclear symmetry energy at ρ 0 . The leading term, J, indicates the symmetry energy at ρ 0 which values are predicted in the order of 30 ∼ 35 MeV. The 2nd coefficient, which is the slope parameter, L(= 3ρ 0 ∂Esym(ρ) ∂ρ | ρ=ρ 0 ), is related more or less to the pressure as follows
and still has a wide ambiguity (20 ∼ 100 MeV) [2] .
Another simple parametrization of the symmetry energy is usually introduced in the interpretation of heavy ion collisions
from which the slope and the curvature can be represented as L = 3Jγ and K sym = 9Jγ(γ − 1) [2] . Many of nuclear experiments have been conducted to make a constraint on the densitydependence of the symmetry energy. The parameter γ = 0.4 − 1.05 (L = 88 ± 25 MeV) is constrained by the isospin diffusion data in heavy ion collisions [3] , while γ = 0.69 (L ∼ 65 MeV) is deduced from isotope ratios [4] . Discussion of nuclear collective motions can also give a unique chance to determine the incompressibility of the nuclear system, which is strongly related to the symmetry energy [5, [7] [8] [9] [10] [11] . For instance, the giant dipole resonance in heavy nuclei reflects the value of γ = 0.5 − 0.65 [12] , and the Thomas-Fermi model results in γ = 0.51 [13] . Although the substantial progress has been made theoretically and experimentally, the density-dependence of the symmetry energy still remains uncertain and more accurate information is required to understand it.
Recently it has been regarded that the neutron skin thickness (NST), defined by the difference of the root-mean-square (rms) radii of protons and neutrons, is a conceivable clue for the symmetry energy [14] [15] [16] 18] 
The NST depends on the pressure of EoS in nuclear matter, and thus is related to the first derivative of the symmetry energy like the slop parameter, L [14, 17] . It can be extracted mostly through the antiprotonic measurements [19] and the parity-violating electron scattering [20] [21] [22] . Neutrino-nucleus scattering in recent neutrino beam facilities could also be an alternative study for the NST [23] .
It is noticeable that the formation of the neutron skin can be affected by the pairing correlation of nucleons, which is known to have a minor effect near the saturation density ρ ≈ ρ 0 . However, in the surface of finite nuclei where the densities become lower than the saturation density, the contribution of the pairing correlations is no longer negligible [5] .
The pairing correlation should be also considered for the proper account of the symmetry energy because the effects of the isospin asymmetry are closely associated with the pairing correlations in the mean-field description of finite nuclei [24, 25] . For example, the massnumber dependence of the mass excess of N = Z nuclei has a strong connection to the pairing correlations [26] . It is thus worthwhile to discuss the effects of pairing correlation on the NST and the symmetry energy.
In the present work, we mainly employ the Hartree-Fock-Bogoliubov (HFB) method with Skyrme effective interactions to estimate the symmetry energy of various nuclei as a function of NST, concentrating on the influence of pairing correlations. In Section II, we first briefly review the definition of the symmetry energy and coefficient for finite nucleus, and its relation with the NST in the droplet model (DM). Section III and IV are dedicated to the main calculations and results given by the mean-field models with Skyrme functionals. In section V, we discuss the effect of the pairing correlations on infinite nuclear matter. Then this paper is wrapped up with a summary and conclusions in section VI.
Possible correlations between the NST (∆r np ) and the slop of symmetry energy, L, can be inferred from the DM [15, 16, 18] . In this model, the NST is given as by [27] ∆r
where the quantity t is a distance between the neutron and proton mean surface locations, the second term in the bracket is due to the Coulomb repulsion. The bulk contribution t is given as
where J is the leading term of the symmetry energy defined before, Q is called the surface stiffness coefficient, which can be extracted from semi-infinite nuclear matter calculations [28] , and I C = e 2 Z/(20JR) with R = r 0 A 1/3 . The term ∆r 
It can be fitted as the following ansatz
where c = −0.05 or 0.07 fm is parameterized to give a band region for different nuclear model calculations [28] . In the DM, the symmetry energy contribution to a finite nucleus with a mass A is given by [29] 
where
is the symmetry energy coefficient of the corresponding nucleus. Therefore, the bulk contribution t to the neutron skin then can be written in terms of symmetric matter properties as follows
For a given mass number A, e.g., 208 Pb, it is found universally in the mean-field calculation that the symmetry energy coefficient a DM sym (A) equals the value of E sym (ρ) in Eq. (2) of asymmetry nuclear matter at the density ρ = 0.1fm −3 . With this relation, one can further reduce the bulk contribution t in Eq. (13) as
which shows a linear correlation between the NST (∆r DM np ) and the slope of the symmetry energy L [15] . Equation (14) is different from the t in Ref. [15] , where =
. On the other hand, for a given nuclear force, in which Q can be determined from the corresponding semi-infinite nuclear matter calculations, one can also infer from Eq. (12) Also for a given nuclear force with fixed L and K sym , one could infer from Eq. (14) a linear relation between the NST (∆r np ) and the asymmetry parameter δ, especially for heavier nuclei. This relation is confirmed by the anti-protonic atom x-ray measurement [19] , and analyzed within the droplet model, Skyrme and relativistic mean-field models [15, 28] , which were also used to estimate the slope of the symmetry energy L.
III. ISOSPIN-DEPENDENCE OF NEUTRON SKIN THICKNESS IN DIFFERENT SKYRME MODELS
In this section, we calculate the NST (∆r np ) in terms of the asymmetry parameter δ, using HFB theory with 3 Skyrme functionals, SkI3, SLy4, and SVI, which have quite different density dependence (characterized by L and K sym ) for the symmetry energy as shown in Ref. [30] . The root mean square radius r 2 n(p) in Eq. (5) is calculated by the self-consistent neutron (proton) density. In the HFB calculations, we use the box-discretized method with a box size, R box = 20 fm, and the mesh size, dr = 0.1 fm. The angular momentum cut-off is taken as l max = 12 . For the pairing interaction, we use the density-dependent delta interaction (DDDI) for the like-pairing field [5, 6] whereρ is the pair density. The parameters in the DDDI are taken as v 0 = −458 MeV/fm 3 , η = 0.71, α = 0.59, ρ 0 = 0.08 fm −3 , which are determined for the Sn isotopes [36] . The quasiparticle energy cut-off is E cut = 60 MeV. Our results are consistent with the data within uncertainties and comparable with the results in Refs. [15, 28] , although we include the shell and pairing effects in the full self-consistent calculations. One can see that, even if the three Skyrme functionals have quite different L and K sum , a linear relation between the NST and the asymmetry parameter δ still holds to some extent. However, the uncertainties of experimental data are still too large to deduce the L value in the present model.
IV. NEUTRON SKIN THICKNESS AND SYMMETRY ENERGY WITH PAIRING EFFECTS
In this section, we investigate the relation between the NST ∆r np in Eq. (5) 
If we assume ρ n = ρ p = 1 2 ρ for symmetric nuclear matter, i.e.,
the Hamiltonian is denoted as H 0 . By excluding the Coulomb energy and the spin energy in H − H 0 , the density functional of the symmetry energy is given as
with
Then the total symmetry energy E sym (A) and the symmetry energy coefficient a sym (A)
for a finite nuclei with the mass number A are defined as However, when we comes to the even more neutron-rich isotopes for A = 208, 212, the mean-field calculation gives larger NST than DM. At the same time, we notice that the pairing effect from the comparison between the HF and HFB calculations is almost negligible in this example. This fact demonstrates that the larger NST in the mean-field calculations than the DM results is mainly due to the shell effects included in the HF mean field.
When we come to the symmetry energy coefficient a sym in the lower panel in Fig. 2 , the rate of change by the neutron skin is much smaller than that in E sym because the A and δ dependence in the E sym disappears in the coefficient a sym . In fact, the coefficient a sym turns out to be nearly independent of the NST, which means the coefficient a sym ( or J ) is a property of nuclear matter and confirms the L dependence of the NST. Also we can see more clearly that the results of DM is larger than those given by the mean-field models.
As expected from Eq. (12), we can see a linear increase of the symmetry energy coefficient as a function of the NST in the DM. However, this relation is not found in the mean-field model at all. It means that the NST depends on the nuclear structure of each nucleus, i .e.
shell effects. Besides, the difference between the HF and HFB results in the lower panel is enlarged in the symmetry energy coefficient, a sym with a small scale although they give the similar NST. Namely, not only the shell effects but also the pairing correlations influence the a sym as well as the NST. One can see the largest difference between in the a sym appears in the isotope A = 196, which has 114 neutrons and lies between the 82 and 126 major shells, while the smallest case appears at the double magic nucleus (A=208, N=126) as expected.
In order to further understand the difference in the symmetry energy coefficient due to the pairing effect in A = 196, we plot the symmetry energy density g(r) = 4πr energy given by the DM is again systematically larger than that given by the mean-field model for a given isotope. However, the NST of all these isotopes obtained by the mean-field model is larger than those given by the DM, which is quite different from the Pb isotopes.
This demonstrates that the shell effects play an important role in producing a large NST in Sn isotopes. From the comparison between the HF and HFB results, one can see that from A = 120 to A = 132, the pairing effects is almost negligible in NST. However, from A = 136 the pairing effects produce a larger NST for more neutron-rich nucleus, while a nucleus (A=132, N=82) has also no pairing interaction effects due to the double magic number.
From the lower panel in Fig. 3 , we can see again, in the HFB as well as HF mean field results, that there is no linear relation as the DM between the symmetry energy coefficient and the NST in these isotopes. The largest difference between the HF and HFB results of the symmetry energy coefficient appears for the isotope A = 144. Therefore, we plot the symmetry energy density calculated with and without pairing effect in the lower panel of From the above, we can see that the mean-field models which include self-consistently the full shell and pairing effects gives less symmetry energy and coefficient, but larger NST, compared with the DM model which does not have these two effects. In the mean-field model, the symmetry energy and coefficient are mainly contributed by the surface region, which is mainly driven by the shell and pairing effects. In particular, the pairing effects play an important role in the symmetry energy and the NST in open-shell nuclei. This section is devoted to the effects of the pairing correlations in infinite nuclear matter.
Nuclear energy density for the nuclear matter can be written as a sum of Skyrme and pairing
The Skyrme energy density, E Skyrme , corresponds to Eq. (16), but the Coulomb, spin-orbit, and gradient terms are omitted for the case of infinite matter. In the BCS approximation as the simplest approach, the pairing energy density is defined by
is the density of neutron (τ = n) and proton (τ = p) states, and the pairing gap, ∆ τ , can be obtained by solving the BCS gap equation,
The denominator of the integrand in Eq. (23) denotes the quasi-particle energy with the chemical potential, λ, and the single-particle energy, (k) = 2 k 2 /2m * , which is assumed to be the energy of free particle with the effective mass, m * , in nuclear matter. First, we use SLy4 functional with the density-dependent contact interaction, Eq. (15), for the pairing forces used in the previous section for finite nuclei. Second, we take SLy5 functional with the pairing field, G τ , written in the form of
For nuclear matter by the SLy5, we have used two types of pairing interaction adjusting the parameter, η = 0.5 for mixed-type and η = 0 for volume-type interaction. The strength parameter v 0 for each η is determined to reproduce the pairing gap of 120 Sn (∆ 1.321 MeV)
obtained by the HFB calculation with SLy5 [37] . For SLy5, the energy cutoff for the pairing window is taken to be 60 MeV and
For simplicity, we fix the parameter α to be one since the pairing strength is rarely sensitive to it [38] . In particular, the T =0 channel was shown to have pairing gaps much larger, about twice, than T =1 pairing channel [42, 43] . Here we tested the T =0 pairing contribution on the nuclear matter case by adopting the factor 2, whose results are presented as dashed lines in Fig. 7 .
Finally, by using the energy functional in Eq. (21), we calculate the EoS of the system, i.e. the energy per nucleon as a function of density. The EoS of the pure neutron matter and also the symmetric nuclear matter in the BCS approximation are shown in Fig. 8 . One may notice that, in the difference between dotted and solid lines, the pairing effects by the strength v 0 make only a difference less than a few electron-volt (eV) in the energy per nucleon, irrespective of the kinds of the Skyrme functionals. Next we increase the strength parameter η twice by the T =0 channel, then the E/A becomes lower in the lower density region. Specifically, the change in SLy4 functional makes the effect significant. But, in the high density region, the enlarged pairing gap effects appear only in the volume type interaction of the SLy5. Systematic calculations involving the microscopic effects, e.g. threebody forces, detailed T =0 channel pairing effect, etc., are required to properly describe the pairing in the nuclear matter.
VI. SUMMARY AND CONCLUSIONS
We calculated the neutron skin thickness (NST) of heavy nuclei by using a droplet model shown in Fig. 8 , the pairing effects were not so salient for SLy5, but becomes stronger by the enlarged T = 0 pairing correlation channel. More stronger binding energy by this enlarged T = 0 pairing contribution was also confirmed for SLy4 interactions.
In conclusion, first, our results by different Skyrme functionals show that the slope of the symmetry energy, L, is a key factor for determining the NST. For example, the NST by different Skyrme functionals, which have different L values, reveals large differences as shown in the x-axis in Figs. 2-3 , and 5-6. Second, for a given symmetry energy, the NST by DM is smaller than Skyrme functionals, which comes from the shell effects considered in the mean-field calculations. Third, the pairing effects as well as the shell effects may play meaningful roles in the NST, but they are shown to be subsidiary to a role of the L in the symmetry energy. Nevertheless they turned out to contribute to the symmetry energy and the asymmetry coefficients. Finally, the T = 0 pairing contribution should be reexamined for proper understanding the nuclear matter. Future experiments for the neutron skin thickness of Pb and Ca may deduce the precise constraint for the symmetry energy from those experiments. In particular, we need more detailed experimental data and more refined calculations of T = 0 contribution by Skyrme functional approach for further conclusion of the pairing effects in the nuclear matter.
